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1. Introduction
Polyaniline (PANI) has been one of the most stud-
ied electrically conducting polymers. This is mainly
because of its simple doping-dedoping REDOX
chemistry, ease of synthesis, relatively inexpensive
production and ability to yield nanostructured mate-
rials of different morphologies. There are different
means for obtaining PANI including a chemical, an
electrochemical and recently introduced a micro  -
wave (MW) assisted methodology [1–3].
Over the last decade the chemical approach i.e. the
oxidative polymerization of aniline has been used
for the synthesis of wide variety of products with
different morphologies and physical and chemical
properties [4–14]. The specific characteristics make
PANIs applicable in various fields such as gas sen-
sors, biosensors, actuators, anticorrosive coatings,
electronic devices etc. [1, 2]. Some of syntheses have
been performed at medium or high pH (pH > 4) com-
pared to standard, relatively low pH conditions (pH <
2.5) [15, 16]. The standard low pH synthesis in an
acidic medium using 1 M HCl for instance yields
morphologically featureless and highly conductive
PANIs. On the other hand it has been shown that
higher pH values very often favour self-assembly of
well-defined, but less conductive supramolecular
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odisks etc. [17–21]. These can be used directly as
formed or indirectly as templates for other PANI
based materials which exhibit better conductivity
and an improved environmental stability [17]. There-
fore, the ever growing need for various applications
demands further developments in the field of self-
assembly of nanomaterials obtained in the oxidative
polymerization of aniline.
A novel method of synthesis of PANI using a micro  -
wave assisted approach under controlled tempera-
ture (Enhanced Microwave Synthesis – EMS) [22–
26] has been recently introduced [3, 27]. The reac-
tion vessel is externally cooled while simultane-
ously irradiated with microwaves. Temperature in
the system was measured by a fiber optic tempera-
ture sensor preventing interaction with MWs and
influence on the temperature reading. This is signif-
icantly different from the conventional microwave
synthesis (CMS) [28, 29] which mainly relies on
thermal heating and where the system due to the
efficient heating quickly reaches a high tempera-
ture. When the reaction system attains the predeter-
mined bulk temperature, the microwave irradiation
is turned off ensuring that reagents and products are
not degraded by excessive heating. This approach
cannot preserve constant temperature of the sam-
ples during extended time intervals. In the EMS syn-
thesis a source of microwave heating  is finely bal-
anced with external cooling system so that samples
may be permanently irradiated keeping the reaction
solution at certain bulk temperature. This enables a
continuous flow of MW energy into the system which
maintains a desired temperature [22, 30–32].
However, the development of materials with spe-
cific physicochemical and morphological character-
istics tailored to certain applications is constrained
by the absence of a theoretical framework relating
product characteristics to MW operation. The ques-
tion whether all effects can be attributed to thermal
or to specific thermal and non-thermal effects related
to microwave radiation should be answered and
taken into account during EMS synthesis. This has
sparked a sharp debate that divides the scientific
community [33, 34]. The non-thermal effects are a
result of the direct interactions of molecules with
electromagnetic irradiation which could change
kinetic parameters of the reactions. The specific ther-
mal effects include superheating phenomena, dif-
ferent distribution of heat compared with classical
heating and different heating of phases present in
the same system producing ‘hot spots’. In order to
explain the formation mechanism of nanostructured
PANIs in MW, we hypothesized that two reaction
stages existed, both affected by microwave irradia-
tion: (a) nucleation and (b) chain growth (polymer-
ization) [35]. The first stage is based on instanta-
neous local heating that develops conditions for
homogeneous nucleation. Other effects such as dif-
fusion or molecular agitation could drive the second
stage that is also fast. However, the lack of a full
understanding as to what mechanisms drive MW
effects and the formation of specific PANIs make
further studies based on our preliminary data neces-
sary.
Using the EMS approach is important as PANI
exhibits better physicochemical characteristics when
synthesized at lower temperatures [36, 37]. Besides
this, PANI materials have been synthesised on a
large scale using the EMS scheme [3, 27]. Also, it
has been shown that the EMS yields specific nanos-
tructured materials which open possibilities for up-
scaled production of polymeric conducting nanos-
tructures [3, 35]. At the same time, various parame-
ters such as a MW power, reaction time, concentra-
tions of reagents, pH etc. can be used to tune vari-
ous chemical and physical properties of PANI such
as molecular weight, morphology, conductivity etc.
[35].
We have previously reported studies of the self-
assembly of various nanostructures synthesized at
relatively low temperatures and at initial medium
pH based on a conventional aniline oxidative poly-
merization approach [18–21, 38–41]. However,
using microwave synthesis at low pH PANI was
produced in 5 minutes with 80% yield (synthesized
sixty times faster compared to the classical chemi-
cal synthesis). Typically, self-assembly favours low
temperatures, low concentrations of reactants and
long reaction times. The question is whether we can
use the EMS for self-assembly knowing that MW
accelerates reactions.
Therefore, the idea here is to use the advantages of
constant microwave irradiation during the self-
assembly process while keeping the reaction tem-
perature low. Is it possible to get nanostructures at
initially high and medium pH using the microwave
method, which usually promotes fast syntheses?
Will microwaves affect the final products? To gain
insight into these matters, a microwave-enhanced
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and high pH was carried out.
2. Experimental methods
2.1. Synthesis
PANI was prepared by aniline oxidation with ammo-
nium persulfate (APS). APS (1.3704 g) was added to
an aqueous solution of 0.4 M acetic acid (CH3COOH)
or 0.2 M ammonium hydroxide, NH4OH (12 mL),
followed by addition of 0.4369 mL of aniline. The
initial pH values were around 5 and 10 for the
CH3COOH and NH4OH mediums, respectively.
Information on chemicals: 1) Aniline, ACS reagent,
!99.5%, Sigma Aldrich, CAS Number 62-53-3;2)
Ammonium persulphate, reagent grade 98%, Sigma
Aldrich, CAS Number 7727-54-0;3) Ammonium
hydroxide, ACS reagent, 28.0–30.0% NH3 basis,
Sigma Aldrich, CAS Number 1336-21-6; 4) Acetic
acid, Acetic acid – Glacial acetic acid, 99.7+%, ACS
reagent, Acros Organic, CAS Number 64-19-7. The
MW PANI synthesis using CH3COOH and NH4OH
was performed at three power levels, 0, 8 and 93 W
for 10 and 20 min. The synthesis performed at 0 W
is equivalent to a classical chemical synthesis (CS).
The reaction mixture was filtered and washed thor-
oughly with distilled water. The retentates were dried
in a vacuum oven at 40°C overnight.
2.2. Microwave apparatus
MW irradiation was performed in a single mode
focused CEM reactor (Model Discover, CEM Co.,
Matthew, NC) operating at 2.45 GHz with ability to
control the output power. The experimental parame-
ters were set up as previously described [38, 40]. An
external cooling circuit maintained constant tem-
perature of the reaction mixture and constant irradi-
ation power. In order to maintain uniform tempera-
ture the sample was mixed by magnetic stirring at
400 rpm. The PANI MW synthesis using APS was
performed at microwave power 0, 8 and 93 W. All
experiments were done under the same conditions
by keeping constant irradiation power, temperature
and initial reaction mixture volume. The tempera-
ture was maintained at 24±1°C in all experiments.
2.3. FTIR spectroscopy
Fourier transform infrared (FTIR) spectra were
recorded with resolution 2 cm–1 using a Nicolet
8700 FT-IR spectrometer with KBr pellets. 100
scans were averaged for each sample.
2.4. Raman spectroscopy
Raman spectra were recorded at 1 cm–1 resolution
using a Renishaw Raman System-Model 1000 spec-
trometer with 785 nm (red) laser excitation.
2.5. SEM
SEM was carried out using a Philips XL30S Field
Emission Gun with a SiLi (Lithium drifted) EDS
detector with Super Ultra Thin Window. The PANI
samples were 10 mm in diameter, mounted on alu-
minium studs using adhesive graphite tape and sput-
ter coated using a Polaron SC7640 Sputter Coater at
5–10 mA and 1.1 kV for 5 min.
2.6. Solid-state NMR spectroscopy
Solid-state NMR experiments were carried out on dry
powder samples using a Bruker AVANCE 300 stan-
dard bore magnet system operating at 300.13 MHz
proton frequency (7.05 T). Spectra were obtained
by using CP MAS (Cross-Polarization Magic Angle
Spinning) technique. The experiments were carried
out using a Bruker double resonance broadband
probe with zirconium oxide (ZrO2) 7 mm rotors and
Kel-F caps. The magic angle was adjusted by maxi-
mizing the sidebands of the 79Br signal of a KBr
sample. The typical parameters for 13C NMR spec-
troscopy were: a 90° pulse width of 4.2 µs, a spin-
lock field of 62.5 kHz, contact time of 1.5 ms, a
recycle delay of 1 s and a spectral-width of 40 kHz.
Experiments were carried out with 5000 scans at
ambient temperature using samples enclosed in the
rotors. The 13C chemical shift scale was referenced
to tetramethylsilane (TMS). Samples were rotated
at 7000±1 Hz. 
2.7. Electron paramagnetic resonance (EPR)
spectroscopy
EPR spectra of 7.9 mg for the standard sample and
10.5 mg for MW PANI samples in quartz EPR tubes,
were recorded at ambient temperature using a JEOL
JES-FA 200 EPR spectrometer with modulation
amplitude 16 mT. The spin concentration was deter-
mined using hydrated copper sulphate (CuSO4) as a
standard. The EPR spectra of the samples and
CuSO4·5H2O were recorded under the same condi-
tions. The spin concentration, Nsample (spins g–1) was
calculated using the area calculated from the second
integral of the first-derivative signals using Matlab
according to Equation (1):
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where the reference substance used was
CuSO4·5H2O, for which Nreference = 2.412·1021 spins
g–1.
2.8. X-ray diffraction (XRD) measurements
To determine the changes in crystallinity and struc-
ture of the samples X-ray Diffraction (XRD) meas-
urements were recorded at room temperature on a
Panalytical Empyreon powder diffractometer with
Cu K" radiation (40 kV, 40 mA) in transmission
mode. Diffraction intensities were measured with a
PixCel solid state detector by scanning from 6 to 50°
(2#) with a step size of 0.02° (2#) at 0.25 sec/step.
3. Results and discussion
3.1. SEM measurements
SEM micrographs of the samples obtained using
the EMS at different power levels using CH3COOH
and NH4OH are shown in Figure 1. The micrographs
obtained from the samples synthesized with
CH3COOH at 8 W mainly show elongated, tape-like
structures. The product obtained after 20 min looks
morphologically more homogeneous compared to
the 10 min product, showing the presence of nano  -
rods. The morphology of the samples synthesized
with CH3COOH depends on the microwave power
level, as can be seen from the micrographs of the
samples synthesized at 8 and 93 W (10 min). The
product obtained at 93 W is more morphologically
heterogeneous, although it does consist of elon-
gated nanostructures. At the same time the sample
synthesized 0 W is mainly featureless and microp-
orous.
Samples synthesized with NH4OH show different
dependence on the microwave power and the reac-
tion time. First, the main products are nanospheres.
The samples synthesized at 93 W are morphologi-
cally more uniform compared to the sample obtained
at 8 W. Also, it seems that in this case the shorter
reaction times favor better defined nanostructures.
Overall, the samples synthesized under medium to
high pH conditions exhibit compact and defined
nanostructural morphologies. They show differ-
ences when obtained on different MW powers and
reaction times. The morphologies obtained here are
similar to those obtained using a standard approach
[15]. However, microwave actuation allows for
faster reactions and possibilities for fine tuning of
aniline oxidative polymerization [3, 27]. Due to
their distinctive morphological characteristics, sam-
ples synthesized after a reaction time of 10 min for
CH3COOH and 20 min for NH4OH were chosen for
structural analysis.
3.2. FTIR and aman spectroscopy
3.2.1. FTIR spectroscopy
FTIR spectra of the PANI samples obtained with
CH3COOH and NH4OH are shown in Figure 2. The
values in the brackets represent the peak positions
in the FTIR spectrum from the sample obtained in
the presence of NH4OH. There is a shoulder at 1641
(1640) cm–1 which can be assigned to a to a hydro-
gen-bonded C=O stretch, i.e., –C=O••••H–N– [5].
The intense bands and shoulders at 1591 (1598) cm–1
and the bands at 1504 (1511) cm–1 are present in all
Nsample 5
Areasample
Areareference
~
massreference
masssample
Nreference Nsample 5
Areasample
Areareference
~
massreference
masssample
Nreference
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Figure 1. SEM micrographs of the products obtained with CH3COOH (red) and NH4OH (blue) at different reaction times
and power levels (CS = 0 W).spectra (Figure 1) and can be attributed to C=C
stretching in the quinoid and benzenoid rings, respec-
tively [42]. The band at about 1364 (1368) cm–1 is
attributed to C–N stretching [43] or C–C stretch in
quinoid segments [42]. The peak at 1341 (1341) cm–1
can be assigned to C–N stretching (plus C–C stretch-
ing) [43] or C–H bending in benzenoid units [42].
The band at 1170 (1171) cm–1 can be due to C–H
bending in benzenoid structures or it has been often
referred as an electronic band [43, 44]. This peak is
significantly more intense compared to the corre-
sponding peaks from the samples obtained in the
EMS syntheses implying the higher degree of delo-
calization of electrons [44] in these samples. The
band at 871 (856) cm–1 is due to C–H out-of-plane
bending on three substituted benzene ring [43]. The
band at 809 cm–1 can be assigned to out-of-plan C–H
bending in the benzenoid units [45]. The band at 724
(735) cm–1 can be assigned to C–N=C bending [42],
or C–H out-of-plane bending on disubtituted ben-
zene ring [43]. The bands from ca. 500 to 600 cm–1
are due to aromatic ring deformations in the ben-
zenoid and quinoid units [42, 43]. The band at 419
(423) cm–1 is due ring deformation out-of-plane of
the benzenoid ring.
3.2.2. Raman spectroscopy
Raman spectra of the samples obtained by MW after
10 and 20 minutes at 93 and 8 W with CH3COOH
and NH4OH and for the conventional synthesis are
shown in Figure 3 (left and right). The bands at
1589 (1589) cm–1 can be assigned to C=C stretch in
quinoid units [42]. The bands 1511 (1489) cm–1 are
characteristic for C=N stretching and C–H bending
in benzenoid units [42]. The bands 1368 (1367) cm–1
can be assigned to C–C stretching in quinoid units.
The band at 1341 cm–1 is assigned to C–H bending
in benzenoid units [42] while the band at 1231 cm–1
(NH4OH spectra) belongs to C–N+ + C–C stretching
[43]. The bands at 1171 (1168) cm–1, 856 (856) cm–1
and 735 (730) cm–1 are attributed to C–H bending of
the quinoid rings, ring deformations in benzenoid
and ring deformations in quinoid units, respectively
[42]. The band at 578 (578) cm–1 is due to a quinoid
ring deformation [42].
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Figure 2. FTIR spectra of the products obtained with CH3COOH (10 min) (a) and NH4OH (20 min) (b) at different
microwave powersThe FTIR and Raman spectra reveal the presence of
quinoid/benzenoid segments in all samples either
synthesized conventionally or in the microwave.
3.3. Solid-state NMR spectroscopy
The solid-state 13C CPMAS NMR spectra of aniline
oxidation products obtained with CH3COOH and
NH4OH after 10 and 20 min reaction time at differ-
ent MW power levels are shown in Figure 4.
The assignment of peaks in the 13C CPMAS spectra
shown in Figure 4 is based on data obtained from
chemically synthesized PANI [46, 47] (Figure 5")
and from the products synthesized using the ‘pH
falling’ approach (Figure 5!) [20, 40]. The peak at
ca. 180 ppm (see Figure 4) is usually not seen in the
NMR spectra of chemically synthesized PANI.
The 181.5 ppm signal could be due to the presence
of carbonyl groups on the six-membered rings (C-9,
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Figure 3. Raman spectra of the products obtained with CH3COOH (10 min) (a) and NH4OH (20 min) (b) at different
microwave powers
Figure 4. Solid-state NMR spectra of the products obtained
with CH3COOH (10 min) and NH4OH (20 min)
at different microwave powers
Figure 5. Proposed structural units present in the nanos-
tructured aniline oxidation products obtained at
different power levelsFigure 5!), as proposed previously in studies of the
products obtained in the oxidative polymerization of
aniline [5, 40]. The peaks at ca. 163 ppm are assigned
to non-protonated imine quinoid carbon (C-7, see Fig  -
ure 5") [48]. The peaks at ca. 147 ppm are assigned
to nonprotonated carbon attached to the imine nitro-
gen C-1 [40]. This confirms the presence of quinoid
rings. The peak at $140 ppm due to nonprotonated
carbons (C-4 and C-5) [40] could be partly over-
lapped with the peak for protonated quinoid carbon
($139 ppm for ‘standard’ chemically synthesized
PANI [46]). The peaks at ca. 124 ppm are assigned
to protonated benzenoid carbon (C-2,3). The reso-
nance at 128 ppm could be attributed to protonated
quinoid carbons C-8 [49]. This peak was also partly
attributed to the presence of bipolarons i.e. posi-
tively charged domains [50]. The peak at 96 ppm
found in all spectra (Figure 4) is usually not charac-
teristic for chemically synthesized PANI and it can
be due to the presence of branching in the polymer
structure (C-10, Figure 5!) [20]. The spectral fea-
tures i.e. the differences in the relative peak intensi-
ties in the NMR spectra imply the presence of a mix-
ture of aniline oligomeric structures with the pres-
ence of quinoid and benzenoid, i.e. PANI segments.
These polymerize at a late stage of synthesis.
3.4. EPR spectroscopy
The EPR spectra of the products obtained at differ-
ent microwave power levels in the presence of
CH3COOH and NH4OH are shown in Figures 6 and
7 respectively. The spin concentrations calculated
from the second integrals using Equation (1) are
given in Table 1. For both reaction media the use of
microwave radiation results in an increase in the
spin concentration, which is slightly greater for 8 W
than for 93 W irradiation power level. Microwave
irradiation also causes a slight increase in the EPR
linewidth; in the case of the reaction in CH3COOH,
this results in the EPR signals for the MW synthe-
sized products obtained at 8 and 93 W having lower
peak intensities than that for the 0 W product (Fig-
ure 6), despite the fact that the latter has the lowest
spin concentration (Table 1). In the case of reaction
in NH4OH, the spin concentration for the 0 W prod-
uct is much lower, so that the order of the EPR peak
intensities (Figure 7) is the same as that of the spin
concentrations (Table 1), although here again the
line-broadening effect of MW irradiation in the syn-
thesis is evident in the considerably lower peak
intensity of the signal for the 93 W relative to the
8 W sample (Figure 7). EPR signals in PANI are due
to the formation of polarons upon protonation and
doping of the PANI by acid [51] and this is presum-
ably the cause of the signals observed in the present
study, the dopant acid being H2SO4 produced by
reduction of APS in the oxidation of aniline.
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Figure 6. EPR spectra of the samples prepared with
CH3COOH and taken after 10 min 1) 0 W; 2) 93 W
and 3) 8 W
Figure 7. EPR spectra of the samples prepared with NH4OH
and taken after 20 min: 1) 8 W; 2) 93 W and
3) 0 W
Table 1. Spin concentration Nsample for the synthesized PANIs
Sample
Spin concentration 
Nsample (spin g–1)·1019
CH3COOH 8 W 10 min 2.333
CH3COOH 93 W 10 min 2.216
CH3COOH 0 W 10 min 1.840
NH4OH 8 W 20 min 2.278
NH4OH 93 W 20 min 2.105
NH4OH 0 W 20 min 0.7583.5. XRD measurements
To investigate structural characteristics of the sam-
ples obtained powder XRD measurements were
carried out. XRD patterns of the samples obtained
with CH3COOH exhibit sharp lines in the region of
5° < 2# < 50° (Figure 8a). This implies long-range
ordering in this sample. The main diffraction peaks
are at 2# values of 6.5, 16.2, 17.9, 19.1, 23.3, 23.6,
26.2, 26.5, 27.0, 30.3 and less intensive peaks at
32.8, 33.4, 36.6, 36.2, 38.5, 40.4, and 40.7. The peaks
at 2# = 6.5 implies very long range order, which can
be assigned to the periodicity caused by the ani-
line/dopant acid salt [52]. The peaks at 17.9 and
26.2° can be attributed to the periodicity parallel and
perpendicular to the polymer chains, respectively
[52–54]. The peaks at ca. 23 and also at 26° could be
due to a periodicity caused by %-% stacking of rigid
phenazine-like structures [53]. At the same time the
sample obtained at 0 W shows broad reflection due
to the presence of amorphous phases. This is very
interesting as it implies that samples obtained in the
presence of MWs have significantly more ordered
structure.
XRD patterns of the samples obtained with NH4OH
in the presence of MWs also show sharp lines (Fig-
ure 8b), except for the 10 min sample obtained at
93 W. The position of sharp peaks is close to those
shown in Figure 8a and the same assignment can
apply. XRD patterns of the samples obtained at 0 W
show mixed crystallinity. That is, 10 min sample
shows broad peaks, while the 20 min sample exhibit
very sharp peaks. This could imply that in the first
10 min regardless of microwave power an amor-
phous phase is formed, and then with time progress-
ing more crystalline structures are obtained. These
findings can be very interesting as MW can be used
for the formation of very well ordered structures.
4. Conclusions
MW assisted aniline oxidative polymerization syn-
theses under medium and high pH are performed for
the first time. SEM micrographs showed that prod-
ucts obtained after 10 and 20 min consist of either
nano  rods (in the presence of CH3COOH) or nanos-
pheres (in the presence of NH4OH). Based on solid-
state NMR, FTIR and Raman data it was shown that
branched structures with the existence of the ben-
zenoid/quinoid segments prevail in the final prod-
ucts. This is not surprising considering that the syn-
theses started at medium and high pH. An increase
in the spin concentration is slightly more evident
for 8 W than for 93 W power level, according to EPR
spectroscopy. XRD data suggest the presence of
well-ordered (crystal-like) structures.
Here, it is worth highlighting the fact that the MW
approach can be used for the formation of self-assem-
bled nanorods and nanospheres. This is interesting as
it is well known that self-assembly favors longer reac-
tion times for complex, supramolecular structures
to be formed. Self-assembly of aniline based prod-
ucts (polyanilines or oligoanilines) is quite compli-
cated subject especially in the presence of micro  -
waves. Additional work is needed to understand the
complex formation mechanisms in the microwave-
assisted polymerization.
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Figure 8. XRD patterns of the samples prepared with
CH3COOH (a) and NH4OH (b) collected at dif-
ferent power levels and reaction timesAcknowledgements
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